Introduction
Since Linnaeus first set out to categorize life on earth more than 250 years ago, [1, 2] biologists have sought to understand species by grouping them into bins and hierarchies. Following Darwin's publication of "The Origin of Species," [3] shared common ancestry has been used as the basis for understanding species relationships. Now phylogenetic trees capturing evolutionary relationships among species are essential for biological research. Accurate phylogenetic information is required for analyses such as comparative genomics, measuring selection, biogeography, and epidemiology, among many other applications. As researchers uncover evolutionary history, taxonomic hierarchies and nomenclature are updated to reflect hypotheses of shared ancestry. It is not possible to fully understand evolutionary processes among species or lineages without controlling for their shared histories. With the advent of ever more sophisticated and inexpensive molecular sequencing technologies during the past three decades, researchers have access to unprecedented insights regarding organismal relationships. Despite this revolution in sequence data availability, the evolutionary relationships among many of the species on earth are unstudied, and it is challenging to access accurate phylogenetic relationships even for well-studied species of interest.
We are researchers interested in improving the availability of phylogenetic knowledge across the tree of life. In pursuit of that goal, we collaborate on the Open Tree of Life project. Open Tree of Life (OpenTree) has developed an open, accessible platform for summarizing knowledge about phylogenetic relationships of all species across the tree of life. In 2015 OpenTree published a summary tree comprised of 2.3 million tip taxa ( Figure 1) . [4] Of these tips, the relationships of 37 525 were gathered from existing evolutionary phylogenetic estimates. [5] The relationships among the rest of the species were based on taxonomic relationships from a combination of source taxonomies. [4, 6] Since that publication, nine new drafts of the tree have been published online at tree. opentreeoflife.org, incorporating more phylogenetic information, improvements to the combined taxonomy, and methodological developments in automated assembling of trees and taxonomies. The current draft (v9.1, March 2017) includes 2 637 204 taxa with 55 226 tips from 819 input phylogenies.
Our research in pursuit of a unified "Open Tree of Life" has generated discussion about several key questions:
Is there a tree of life and should we reconstruct it? Can we reconstruct the tree of life from available data? Do we have access to inferences about relationships? Can we summarize information and conflict about relationships across the tree of life? What is the future of understanding the tree of life?
Here we address these questions from our perspective as researchers involved in building the Open Tree of Life. estimating phylogenetic relationships is still essential to understanding biological processes.
A Tree of Life Is Not the Only Model
The question of whether a "tree of life" exists has been discussed for decades, [7] [8] [9] [10] and the recent publication of genome level phylogenies across many taxa brings enormous quantities of empirical data to bear on this question. These data demonstrate that a single genome often contains regions with divergent evolutionary histories. Processes such as incomplete lineage sorting, horizontal gene transfer, endosymbioses, and the incorporation of viruses into genomes can drive differences in the shared evolutionary history in different parts of genomes.
In some regions of tree space, such as the "anomaly zone," the most common gene tree topology differs from the true species tree topology due to incomplete lineage sorting. [11] Across three closely related species of Drosophila, nearly a third of nucleotide substitutions support each of the three possible topologies of shared ancestry. [12] Gene transfer early in the evolution of eukaryotes, bacteria, and archaea makes determining the root of the tree of life very challenging. [13] Independent of the biological processes causing discordance, gene histories which are are not concordant with species level relationships may underly traits of interest, creating issues for estimating convergence. For example, recent multi-locus studies of bat evolutionary history have confidently reconstructed a species tree in which two groups of echolocating bats are not sister to one another. [14] Therefore, based on this species tree, echolocation, a key innovation in bats, appears convergent. However, even if this species level inference is correct, 23% of gene trees support the sister group relationship of the two echolocating groups of bats. Therefore, if echolocation has a simple genetic basis, it may have a single origin, which is not concordant with the species tree. [14] Although this gene tree discordance in bats is consistent with incomplete lineage sorting in the ancestral population, hybridization, and horizontal gene transfer (HGT) can also drive complex patterns of gene tree variation. Up to 18% of Escherichia coli's genome is estimated to have arisen from horizontal gene transfer events from other species. [9] Not only gene ancestry but even gene content can vary widely across closely related bacterial lineages [15] (but see Box 1). Doolittle and Brunet [16] argued that gene transfer and cellularfusion are so common as to invalidate the tree of life concept entirely. Is it therefore better to infer a "graph of life" or "web of life"? Does the variety of evolutionary Figure 1 . A schematic of the process of building a unified tree of life. Inputs are published phylogenetic estimates and a unified taxonomy. These inputs are combined into a summary supertree containing 2 million taxa. The relationships among any subset of taxa may easily be accessed and used in downstream analyses. Silhouettes from phylopic.org.
www.advancedsciencenews.com www.bioessays-journal.com histories across each genome mean that the idea of a bifurcating species tree should be retired? Is researchers' "exuberance" for inferring resolved species trees "irrational," as suggested by Hahn and Nakhleh? [14] We argue that the answer is no.
A Tree of Life Model Is Useful
Species level relationships provide key evolutionary information that is greater than the sum of individual gene tree relationships. Without a framework of vertical shared ancestry, it is not possible to recognize the importance of other overlaid evolutionary processes. Most traits of interest involve interactions among multiple genes. Understanding species and speciation requires recognizing that species are more than clusters of genes. Therefore, a tree estimate capturing this ancestry is necessary to answer many biological questions. Evolutionary estimates about lineages provide an essential backbone for recognizing contrasting evolutionary patterns, which can signal processes of interest. Discordant gene trees provide valuable information about the process of evolution, and these discordances are only recognizable in the context of vertical relationships. As Puigbòet al. [17] eloquently pointed out, "the concept of 'horizontal genomics' involves an internal contradiction because the notion of horizontal gene transfer inherently implies the existence of a standard of vertical, tree-like evolution." And indeed, using this tree-like framework to test alternative hypotheses is essential to the practice of biology. [18] When Mallet et al. [10] argue that "species tree signal. . . may only be represented by a small fraction of genes," they highlight the interesting and potentially very important introgression dynamics of gene lineages by contrasting these histories with the species level history of bifurcations. Even in microbial lineages, where HGT is particularly prevalent, there is still a true underlying bifurcating process, as cells divide, and give rise to descendants. That evolutionary history is often still traceable despite ongoing HGT (Box 1).
Although deep interrogation of individual gene lineages is essential for understanding the trajectory of certain traits with simple genetic bases, there are many other evolutionary dynamics which can only be understood by tracing the emergent properties of populations and species through time, that is, a species tree. Species trees explain the distribution of gene trees across genes, even when the majority of gene trees differ from the species tree. Most traits of interest to biologists are complex, and involve many interacting genes. In these cases, the trajectory of individual gene lineages is insufficient to capture evolutionary history. For sexually reproducing organisms, the species tree captures which lineages could be found within a single individual. As epistasis across genes drives the evolution of many complex traits, [19] treating gene lineages individually cannot capture these evolutionary trajectories.
Without tracing species and group level relationships we cannot make inferences about diversity and divergence. Although across many species it is possible that no single gene accurately captures the process of diversification, a tree capturing this vertical process describes the evolutionary context in which genes across the genome evolved. The processes of diversification and divergence are species level processes. Even in cases where there is no conflict between gene tree and species tree relationships, splits in gene trees will necessarily pre-date species divergence times. [20, 21] Therefore, divergence times will be underestimated if species level processes are not considered. Speciation itself cannot be recognized on a genic basis, as it is an emergent property of groups of organisms which can only be recognized across groups of genes and individuals. Conservation and land management decisions need to be made for evolving populations or species. It is not feasible to conserve or manage individual gene lineages. Conservation decisions are made for populations and the individuals that comprise them. Identifying groups of individuals using species level trees for taxonomic naming allows biologists to describe, recognize, and manage these evolving populations.
Abandoning the search for these group level relationships in favor of acquiescence of a general tangle of gene trees about which no higher order statements may be made is precipitous, and would make recognition of novel biological processes very challenging. The concept of "Heliconious" butterflies, which Mallet et al. [10] point out have an interesting and complex history of introgression dynamics, relies on the idea that groups of organisms may, at some level, be differentiated form one another. While these authors describe regions of the tree where introgression is so common as to make inference of true bifurcating relationships challenging, they do not disregard the concept of describing lineages based on deeper level phylogenetic divergences.
Given that inferences of evolutionary relationships are necessary to understand key biological processes, we must then ask the pragmatic question of whether making these inferences accurately is possible. Box 1. Vertical relationships are traceable despite HGT in bacteria. Horizontal gene transfer (HGT) can play very important roles in bacterial adaptation, such as allowing antibiotic resistance and virulence genes to spread rapidly across diverse lineages. [47, 48] This lateral transfer of genes can present difficulties for accurate phylogenetic estimation. [16] However, HGT can be constrained by divergence among lineages, which limits the extent to which it blurs phylogenetic boundaries. [49] In addition, genes that are gained seem to be labile through evolutionary time, and are readily lost, while mutations tracing vertical phylogenetic signal continue to accumulate in the core genome. [50] Recent analyses of HGT across genomes suggest that long term successful transfer of genes across lineages is rare, [49] leaving phylogenetic structure intact. [51] These results are consistent with the observation that bacteria do form biologically coherent groups, which would not be expected if horizontal gene flow were rampant and unconstrained. [52] Although biologists are still struggling to develop a cohesive classification system for bacterial lineages (reviewed in Achtman and Wagner [52] ), some form of phylogenetic relationships can capture key aspects of lineages' histories.
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Can We Accurately Estimate Phylogenetic Relationships?
While some studies seek to make inferences bridging the deepest relationships in the tree of life (e.g., Raymann et al. [22] ), most systematic studies are taxonomically constrained. The recent genomic revolution has provided a surfeit of data with which to analyze the evolutionary relationships within these groups of interest. Despite these massive quantities of data major questions remain unresolved. Where data are available, unresolved relationships may be due to limitations of signal in data or limitations in our models' ability to capture the signal that exists. [23] In addition, wide reaches of the diversity of life we wish to understand remain un-sampled. Nonetheless, most relationships for sampled taxa can easily be reconstructed, and our sampling is improving rapidly.
Phylogenetic Inference Can Be a Hard Problem
Some phylogenetic questions have proven difficult to conclusively answer even when whole genome data is available across the taxa of interest. For example, the question of whether ctenophores or sponges are the sister lineage to all other extant animals has been confidently answered in several different and conflicting ways, [24] [25] [26] even with the availability of genomic data for these lineages. The source of these discrepancies remains unresolved. It is possible that the data required to resolve these relationships no longer exists. The combination of ancient incomplete lineage sorting and millions of years of subsequent mutation may have obscured any signal of species relationships. If so, even if the relationships are tree like, we may not even be able to reconstruct them. Alternatively, genomic data may hold sufficient information, but this may be a region of the tree in which better models, not more data, will be required for confidence in a single reconstruction. Pisani et al. [27] demonstrated that models that take into account heterogeneity in the process of evolution across sites in an alignment can improve accuracy of phylogenetic estimation, even without additional data. However, the best approach to discovering the relationships at the root of metazoans continues to be debated. [28, 29] Even if this specific question is a solvable problem, there will always be regions of the tree of life where divergences occurred too rapidly, or key signatures of vertical processes have been overwritten by HGT or subsequent mutation. In regions of the tree where network-like processes overwhelm the signal of vertical relationships, bifurcating trees cannot be accurately resolved. However, as data quality and quantity increase, and as we develop appropriate models to fully exploit genomic data, these recalcitrant regions will comprise a diminishing proportion of relationships of interest. Molecular phylogenetics has created upheaval in many regions of the tree of life, but with time and further analyses consensus begins to emerge.
While the branches most challenging to correctly estimate in the tree of life, such as the sister group relationships at the root of metazoa, [27] the deep relationships among major arthropod groups, [30] or the root of angiosperms, [31] are often of great interest to phylogeneticists most of the relationships across the tree of life are readily revealed. Despite the recent genomic revolution, most phylogenetic estimates are based on one or a few loci, or on morphological datasets. Genomic data will overturn these estimates in some cases, but in most we can anticipate that relationships reflected by those few loci will be supported by additional data, as branches with high levels of incongruence are rare.
Many Taxa Are Un-Sampled or Un-Named
In contrast to these well-studied metazoan lineages where genomic data is improving inferences and we are getting closer to revealing evolutionary relationships, there are vast swathes of the microbial world about which we know virtually nothing. Even after many years of biodiversity sampling and phylogenetic inference, we still lack information about not only the phylogenetic positions of most taxa, but the very existence of most taxa. This knowledge gap is particularly pronounced for microbial taxa which cannot be cultured in the lab. Hug et al. [32] recently published a study suggesting the existence of a vast candidate phylum of bacteria that have been captured only by environmental meta-genomic sequencing. Environmental sequencing is opening windows through which it is possible to glimpse the enormous diversity of previously unrecognized lineages, and much more is still unknown. Across undescribed microbial taxa several issues interact to make summarizing these relationships extremely challenging. In many cases when describing species from environmental sampling, it is difficult to reconstruct which genes are found in the same individuals, although developments in single cell genomics may ameliorate this problem in future. [33] In addition, it is not straightforward to recognize when individual representatives of the same lineages are found across studies, as only sequence similarity can provide a diagnosis. This makes merging inferences across studies difficult to impossible, unless the sequence data sets themselves can be combined and jointly analyzed. Improved phylogenetic methods and models will not be sufficient to capture the evolutionary relationships among these diverse lineages. Revolutions in sequencing technology and data processing, as well as improvements in breadth of sampling and taxonomy are required to begin to grasp the diversity and evolutionary relationships of these groups.
However, in contrast to these areas of ongoing research, there are well-sampled and well-studied parts of the tree of life where species relationships are readily described by a tree, and many, many publications have described these phylogenetic relationships. In order to summarize these relationships, and to capture concordance and conflict across these published studies on evolutionary relationships, we need to be able to access these prior inferences.
Do We Have Access to Inferences About Relationships?
Great progress has been made on phylogenetic inference in recent decades, however access to these inferences is limited. Taxonomy is often the only information that is readily available about a species' evolutionary context. Taxonomy attempts to capture broad strokes of evolutionary relatedness, but these groupings are highly unresolved and often do not reflect a full evolutionary analysis. The problem is not only a lack of data required for phylogenetic inference, it is difficult to access information even from phylogenetic trees that have been inferred and published. Many phylogenies are only available in the form of an image in a pdf, which is not easily reusable for further analyses. In addition, labeling of taxa is often inconsistent across studies. For phylogenies to be compared, each taxon must be given the same name in different published phylogenies, or names representing the same groups must be somehow associated with one another. [34] Neither this phylogenetic data availability problem, nor the taxonomic name resolution problem are trivial to resolve.
Existing Phylogenetic Data Is Not Available
Although sequence data is available for 22% of named species in GenBank, [4] these sequences are scattered across genomes (nuclear, mitochondrial, and plastid) and cannot be directly used to produce a representative phylogenetic tree. Therefore, a critical component for developing a comprehensive synthetic phylogeny of all life is access to published phylogenetic trees. In Hinchliff et al. [4] we used a synthesis technique that combined information from hundreds of existing phylogenetic trees with several taxonomic databases to create a single synthetic tree summarizing relationships across 2.3 million taxa. However, less than 10% (37 500 out of 411 000 [4] ) of sequenced species available in GenBank were included in this synthetic tree. While many or most of the other 90% of sequenced species may have been included in phylogenetic estimates, most previously inferred phylogenetic trees are not publicly available. This lack of data availability precludes both estimates of how many species have been included in phylogenies, as well as the incorporation of those estimates into a unified phylogenetic summary.
Previously, it has been shown that less than 17% of published phylogenies are available via online repositories, [35] [36] [37] and that much of the data that is available publicly is archived in a manner that makes reuse difficult or impossible. [35, 38] Requesting phylogenetic tree files directly from corresponding authors is successful only about 16% of the time. [35] However, since the above publications, there has been an increased push in the scientific community to make published data more available via publicly available archives. [34, [38] [39] [40] [41] [42] Nonetheless, deposition rates have not improved (see Box 2). The result of evolutionary estimates not being readily available is that taxonomy is often used as a proxy for evolutionary relatedness (e.g., Tree of Sex Consortium [43] ). Taxonomy often captures the broad strokes of relationships, but it does not provide fine scale resolution. This is one of the key problems that we are seeking to solve with the OpenTree project.
Reconciling Names Is Difficult
Even when trees are publicly archived in some digital format, for the phylogenetic data to be reusable tip labels must be associated with standardized taxon identifiers. In order to recognize representatives of lineages across studies a unified naming scheme is needed. This unified naming structure allows us to make general statements about lineages, despite having sampled only a subset of individuals from those groups. The concept that data gathered from a subset of individuals may be used to represent a broader group is essential to the practice of biology.
Assigning samples included in phylogenies to recognizable taxonomic units can be challenging even in well circumscribed species, due to long histories of species name changes and revisions, combined with typological and spelling errors. Genus and species names are repeated across regions of the tree governed by different taxonomic codes. These repeated names need to be disambiguated when tracking identifiers across these deep evolutionary divisions. Nonetheless, for clearly delineated species, taxonomic name resolution is possible. To reliably reconcile names across the tree of life OpenTree has merged several large taxonomy resources available online to create a unified taxonomy. [6] We have also developed a user friendly web-browser curation interface where using a combination of label matching and human curation, taxon names in published trees are mapped to unique identifiers. This curated data store serves as the back end for the OpenTree synthetic summary tree analyses, and provides open access to well curated phylogenetic estimates. [5] However, the mapping of names across studies breaks down almost entirely when considering new lineages discovered from environmental sequencing. The discovery of novel bacterial and other microbial taxa is already straining traditional taxonomic resources, and the explosion of sampling of new lineages will require updates to the procedures for naming species and their inclusion in taxonomies. Synthesis of phylogenetic knowledge does not require that each new taxon has a traditional Linnaean name, but does require that we know how to map tips of trees from one publication to tips in another publication, and whether tips represent individual organisms or distinct lineages. Taxa found in multiple studies can be recognized through sequence similarity only when homologous sequence data is available. Capturing the diversity of microbial life is an area of active research by many groups, and the next decades are certain to provide a revolution in our understanding of the tree of life. In the context of the Open Tree of Life, tracing lineages that do not fit neatly into existing taxonomies is still problematic, and we are searching for better ways to synthesize this novel information as it is published.
Can We Combine Different Phylogenetic Estimates Across the Tree of Life?
The OpenTree Project is working to capture consensus and conflict by summarizing phylogenetic information across the tree of life. Generating a combined summary of estimates of species relationships across the tree of life requires a two-part process. The first step is reconciling names across different publications, as described above, and the next step is to merge phylogenetic estimates. We have generated an automated procedure to rapidly merge many phylogenetic estimates and a unified taxonomy into a summary tree. This summary captures information about concordance and conflict across the input trees.
In the past, within taxonomic groups, synthetic summary trees have been created by stitching together multiple trees; for example, taking a backbone tree where each tip is a genus, and grafting on separately estimated trees for each genus. However, this kind of ad hoc approach is not easily automated and cannot be applied to general collections of trees. For the Open Tree of Life we have developed a synthesis procedure to merge and combine information from any collection of phylogenetic trees. [44] While much discussion of supertrees has been in the context of the supertree-versus-supermatrix debate, [45] our strategy for summarizing information across the tree of life differs from these earlier approaches. Our method is referred to as a supertree because the inputs are phylogenies as opposed to data matrices, but it does not treat those input phylogenies as a substitute for data matrices. Our supertree is not designed to construct a phylogeny that is more accurate than the input trees, but instead summarizes and merges information from input phylogenies in a transparent fashion. This supertree provides a summary of phylogenetic knowledge at a broader scale than any individual phylogeny, and more accurately than the taxonomy. Our procedure constructs an annotation file that records conflicts between each input tree edge and the summary supertree. These annotations are used in the online tree browser, where conflict between the input trees and the supertree is visually represented.
The approach is designed to generate a summary supertree with four basic properties. [44] First, every edge of the supertree must be supported by an edge in one of the input phylogenies or the taxonomy. Second, our summary supertree should have no unnecessary polytomies. Third, conflict is handled by ranking the input phylogenies. A branch in a higher rank tree will be included in the supertree preferentially to a branch in a lower ranked input. These rankings allow curators with domain specific knowledge to adjust problematic regions of the supertree by altering the ranking of input trees. The taxonomy is always ranked last, and thus never overrules input phylogenies. The input phylogenies can overrule or refine the relationships suggested by the taxonomy. Fourth, we seek to represent as many relationships from input-phylogenies as possible. However, this final criterion is not fully optimized by our current approach.
Version 3.0 (March 2017) of the OpenTree Taxonomy has approximately 2.6 million tips that are suitable for use in supertree construction. To make computation tractable we Box 2. Case study: The results of phylogeny inference have not become more accessible. Why not? To investigate whether data deposition has improved since 2013, when Drew et al. [36] found that only 17% of published phylogenetic data was digitally available, we examined 100 phylogenetic studies published in 2015. We used the search term "phylogeny" in Google Scholar and chose the first 100 studies that contained original phylogenetic data for examination. These 100 studies spanned all major lineages from the tree of life. Our search found that only 20% of the surveyed studies had deposited their alignment or tree data in publicly available repository such as Dryad, Github, Treebase, or Zenodo. This number of 20% is only slightly higher than the 16.7% (1262 out of 7539) reported by Drew et al., [36] which examined phylogenetic publications from 2000 to 2012 and included animals, fungi, seed plants, microbial eukaryotes, archaea, and bacteria. Our results indicate that the rate of publicly archiving published phylogenetic data has not appreciably changed since 2012. Indeed, the 20% rate we recovered here is actually not much different than in 2000. [36] Even more concerning, Google Scholar search results are based on citations, so the 100 publications we surveyed were relatively well cited and typically from high impact factor journals, which have a higher tendency to require the deposition of data into a public repository. [38] It is worth considering potential reasons why researchers do not archive their phylogenetic data in an accessible way.
Since 2011 National Science Foundation has required a "data management plan" as part of grant applications. The standard in the field has long been to publish and share sequence data. This sequence data, at least historically, was the most hard-won data product of the study. Often the alignments from analyses are available online, but the trees are not. Are trees themselves considered "data" from a study? The NSF's data management plan requirements state that "what constitutes such data will be determined by the community of interest." [53] While some members of the phylogenetic community agree that phylogenies are key data products, [34] the continued lack of inclusion of phylogenetic inference in accessible data stores suggests that not all practitioners do.
Why, after so much expertise and computational effort to generate these estimates of evolutionary relatedness, would researchers not also share that information in a reusable way? One reason is that researchers generating trees may not see a need for re-use of trees. This is potentially connected to a common mindset in the field of systematics: that if you need a tree to answer a question, you should build it yourself so as to be sure it is correct. Indeed, there has been push-back against several innovations devoted to making generating or acquiring phylogenetic trees in a "black box" manner. Building phylogenetic trees as needed may serve to provide researchers with the inferences and taxon sampling most appropriate for their questions, but it is a major hurdle to research progress to require that any ecologist wishing to consider the relationships among species in their study area must either become proficient in phylogenetics, or convince a phylogeneticist to collaborate on their project.
www.advancedsciencenews.com www.bioessays-journal.com construct a pruned taxonomy tree by removing taxa that are not found in any input trees. This shrinks the problem size from 2.6 million tips to about 55 000 tips. We use the taxonomic relationships to add taxa that are not found in any input phylogeny back to the grafted solution. This procedure decreases computational running time of creating a tree at this scale from several hours to eight minutes. [44] The completed tree is available at tree.opentreeoflife.org. This online resource allows anyone to easily access an evolutionary estimate of relationships for any set of taxa at any time.
What Is the Future of Understanding the Tree of Life?
Continued infrastructure development and improved community engagement will be necessary to achieve our goal of providing easy access to information about evolutionary relationships across the tree of life.
Bioinformatic Infrastructure Development is Still Needed
The Open Tree of Life project continues to move forward in the curation and synthesis of phylogenetic estimates into a unified tree of life. We are developing several important additional components which were not included in the original synthesis tree including conflict visualization, automated updating of phylogenies, and branch length inferences on the summary supertree topology. The rate of sequencing has outpaced the ability of researchers to analyze sequence data. This means that many species are not included in any phylogeny, despite available sequence data. Researchers in many fields require phylogenies in order to address their questions of interest. However, these researchers are not specialists in phylogenetics, which means that they need to either devote time to understanding and applying complex phylogenetic methods, or they apply outdated and potentially misleading approaches. There is a real opportunity to take the next step with this infrastructure to provide active and automated extension of the tree of life with inferences made directly from sequence data. Integrating automatic updating of phylogenies into the Open Tree of Life will serve to shorten the lag time between sequencing and phylogenetic inference.
Currently the OpenTree summary supertree contains information only about topology, and does not include branch lengths. Many downstream users of phylogenetic estimates require not only inference of evolutionary relatedness, but also estimates of timing of divergence between groups. Integrating this information across disparate taxonomic groups with stark differences in fossil records, and combining dating estimates across trees built using different loci, or even different data types is a significant challenge. Nonetheless, it is a challenge that must be resolved for the Open Tree of Life to serve the needs of downstream users. Overall, improving the machine readability of trees and metadata output from phylogenetic inference software would help greatly in re-usability by OpenTree and other summary and analysis programs.
Community Engagement is Essential
While there has been widespread adoption of sequence databases and sharing of the raw data on which phylogenies are built, the products of these analyses are seldom available in a reusable format. This results in widespread duplication of effort, and researchers performing analyses without access to the most up to date phylogenetic hypotheses. Going forward, the biological community should strive to be more efficient in compiling and sharing both raw data and inferences derived from the data. In 2013, Drew et al. [36] suggested that phylogenetic journals should adopt policies requiring that phylogenetic data be publicly archived prior to publication (Box 2). The comprehensive synthetic tree of life presented by Hinchliff et al. [4] was an achievement, but only 2% of the species in the tree were represented by phylogenetic data. One approach to improving data deposition would be for all phylogenetic journals to implement strict data archiving policies and for reviewers and editors to ensure data publication as part of the review process. [39, 38] These phylogenetic inferences are not only a result, but also an essential input in future analysis. Mandates by journals and/or funding organizations is one approach that has worked in past to improve data sharing and data deposition. Another option is to provide services in exchange for data sharing to generate an incentive for researchers to curate and upload their data. We have developed and are developing these incentives in the context of the OpenTree curation tool. As part of capturing conflict in phylogenetic estimates, we are also rolling out the infrastructure for users to generate their own synthetic phylogenetic estimates dynamically, based on their own rankings of input trees. By adding the functionality for researchers to build domain specific trees, we will motivate tree deposition and curation, and provide an additional service to users. This, in addition to the conflict visualization that provides a straightforward mechanism to explore how a new phylogeny fits into existing taxonomic and phylogenetic knowledge will encourage users to share their data. Hopefully these incentives will help to improve the low rates of data deposition.
Conclusions and Outlook
Evolutionary relationships are complex, and a single bifurcating tree cannot fully capture the intricacy of the evolutionary process. However, from a pragmatic perspective, a tree does capture the major relationships among organisms. Biologists have been successful at resolving many of the important branches, and are improving in their abilities to make accurate inferences about recalcitrant relationships. Biological progress cannot proceed without at least a hypothesis of the underlying bifurcating relationships, against which to test and understand alternative processes. As Dobzhansky explained in 1973, "Nothing in biology makes sense except in the light of evolution." [46] From an applied perspective that translates to the idea that nothing in biology makes sense except in the context of phylogenetics. Without that overall evolutionary perspective, and the phylogenetic inferences which describe the ancestry of organisms, biological research cannot proceed. Creating and openly sharing a unified tree of all life provides researchers access to evolutionary context across the diversity of life.
